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Abstract

This paper is a supplement to the paper “Economic Growth and CO, Emissions with Endoge-
nous Carbon Taxes”. In this paper, we present the algebraic model description, parameterizations,
and GAMS code for the simulation.
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Table 1: The list of regions in the model.

Region identifier =~ Region

USA United States *

CAN Canada *

WEU Western Europe *

JPN Japan *

AUS Australia and New Zealand *
EFS Eastern Europe and Former Soviet Union *
MEX Mexico

CHN China

IND India

ASI Other Asian countries

MIE Middle East and Turkey

CSA Central and Southern America
ROW Rest of the world

Note: asterisk indicates Annex I regions.
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1 Description of the Model

In this appendix, we present the complete model description.

1.1 Overview of the Model

The model is a multisector, multiregion recursive dynamic model. The periods range from 1997 (the
benchmark year) to 2020. The structure of the model within a period is based on the GTAP-EG
(Rutherford and Paltsev}, 2000) and the GTAP standard model (Hertel, [1997).

The world is divided into 13 regions, and each economy has eight production sectors. The lists of
regions and sectors of the model are provided in Table[lland 2] Regions are chosen to be compatible
with those employed in International Energy Outlook 2001 (ELA} 2001} hereafter, EIA dataset). There
are six Annex I regions and seven non-Annex I regions. The sectors in the model have been chosen
to highlight the following two aspects: (i) the detailed description of energy sectors, and (ii) the
difference in energy intensity among non-energy sectors. In the context of (i), the energy sectors are
disaggregated into five different sectors: crude oil (CRU), coal (COL), gas (GAS), refined oil (OIL),
and electricity (ELE). By distinguishing energy sectors in this way, we can observe the differences in
carbon intensity of different energy sources. Moreover, to take account of (ii), non-energy sectors are
divided into an energy-intensive sector (EIS), a non-energy-intensive sector (Y), and a savings goods
sector (CGD).

We divide production sectors into two broad categories: fossil fuel production sectors (CRU,
COL, and GAS) and non-fossil fuel production sectors (all other sectors). We assume that all pro-
duction functions in all sectors have the nested CES form, but that the fossil fuel and non-fossil fuel
sectors have different structures. There are three primary production factors, labor, capital, and fossil
fuel resources. Fossil fuel resources are used only in the fossil fuel production sectors. All factors
are assumed to be internationally immobile and fossil fuel resources are assumed to be specific to
the fossil fuel sectors. All markets in the model are perfectly competitive and equilibrium prices are
determined so as to clear all markets.

The demand side of each region is represented by the optimizing behavior of a representative
agent. The agent’s utility is derived from savings and final goods consumption (final demand),



Table 2: The list of sectors in the model.

Sector identifier ~ Sector

Y Other manufactures and services

EIS Energy-intensive sectors

COL Coal

OIL Petroleum and coal products (refined)
CRU Crude oil

GAS Natural gas

ELE Electricity

CGD Saving goods (investment goods)

which are chosen by the agent to maximize utility subject to the budget constraint. Agent income
consists of factor income and tax revenue which is transfered from the government in a lump-sum
fashion. Since we include government expenditure in the consumption of the representative agent,
government does not appear in the model explicitly.

All regions in this model are connected to each other through international trade in goods. We
assume that goods produced in different regions are regarded as being qualitatively distinct (Arm-
ington| [1969). It follows that trade in goods is characterized by trade flows between pairs of coun-
tries. Moreover, We assume that, to ship goods internationally, it is necessary to use transportation
services. The policy instruments in this model appear in the form of taxes and subsidies including
consumption taxes, intermediate input taxes, output taxes, export taxes, and import taxes.

Investment behavior is modeled under the rate-of-return assumption in the standard GTAP model
(Hertel, 1997, p. 54). That is, regional investment is determined so that changes in the expected rates
of return from capital stock are equalized across all regions. Investment in a period is transformed
to capital stock in the next period.

In the following subsections, We present a more detailed description of individual components
of the model (production structures, demand structure, and so on). For this, we define the following
sets:

e [--- Asetofall goods and sectors.

e FE = COL, GAS, OIL. - - - Final energy.

e XE =COL, GAS, CRU - - - Fossil fuels.

e NXE = I\ XE - - - Non-fossil fuels.

e ELE =ELE - - - Electricity.

e COL=COL. - - - Coal.

e LQD =OIL, GAS. - - - Liquidity energy.
e ENE = ECUELE - - - Energy goods.

e NENE =\ ENE - - - Non-energy goods.

In Figure ??, the flows of goods, primary factors, taxes, and emissions are graphically depicted.

1.2 Production Side

Production structure and the specification of elasticity parameters are almost the same as/Rutherford
and Paltsev!(2000). There are five energy production sectors: crude oil (CRU), coal (COL), gas (GAS),
refined oil (OIL), and electricity (ELE). Crude oil is produced domestically or imported, and is used
to produce refined oil, which is used as an input to production and final demand. Electricity is not



Structure of the model
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Figure 1: Flows of goods, primary factors, taxes, and emissions

traded and is produced using coal, oil, gas, and non-fossil intermediates. Final energy products
(refined oil, gas, and coal) are supplied as inputs to both production and final demand.

All production sectors have a nested CES type structure, reflecting differences in substitutability
between various inputs. We also assume that goods produced for the domestic market and goods
produced for the export market are differentiated, and that there is a constant elasticity of transfor-
mation (CET) relationship between domestic and exported goods.

As already mentioned, the production sectors are divided into two types, fossil fuel and non-
fossil fuel sectors, and we assume that these have different production structures. We explain each
in turn.

1.2.1 Fossil Fuel Sectors

The fossil fuel production function is assumed to have nested CES structure represented by Figure[2|
The input structure is explained as follows. First, in the second stage, labor and intermediate inputs
are aggregated into a non-resource input composite through a Leontief function. Second, in the top
stage, output of fossil fuel sector i € XE is a CES aggregation of non-resource input composite and
natural resources with an elasticity of og;;.
Let Yl-)r(E denote the output of fossil fuel sector i € XE, and let R;, and Q}rL denote resource input
and non-resource input composite respectively. Then the above relation is expressed as follows:
V= (R, O
IRir

oRir—1 oRiy—1 ORir—1

= |BR(R;,) R + (1 — aXER)(QIL) i 1

ir ir
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Figure 1: The nesting structure of fossil fuel sector.

Figure 2: Fossil fuel sector.

Since QL is a Leontief aggregation of labor and intermediate inputs, it is expressed as

I )
QL (O}, Ly) = min H O } L]

iy ) %ir

where Q]lir is intermediate input of good j and L;, is labor input.

When the production function is represented by multi-stage CES function, we can consider input
choice in each stage separately. Based on this property of CES functions, we define price indices for
inputs. First, consider Eq. (I). Producers who try to maximize their profits choose combination of
inputs to minimize costs. From this cost minimizing behavior, we can define unit cost for production.
Let pR denote the price of resource inputs and p! denote the price index of non-resource input

composite. Then, the unit cost is given by
cy=min [pfR+ pl-Q" | (R, Q™) =1]
1
= [(“5)%"(}75)1_%" +(1- ﬂﬁ)gRiV(pgj)l_URir} T=0Rir

Similarly, the combination of intermediate inputs and labor is determined so as to minimize cost.
Thus, we can express the price index of non-resource input composite as follows:

IL
Pir

min ZﬁljirQ]l errLL | flI}({Q]I}fL) =1

]
— I A L_L
- Zajirpljr +a; Py
j

where ﬁf}ir =(1+ t]li)pﬁ is the producer price of intermediate input j and p is the price of labor.

Next, let us consider the output side of the production. We assume that goods produced for
domestic use and goods produced for export are differentiated, and that they are allocated through
a CET (constant elasticity of transformation) function. Thus, domestic supply D;,, export supply Xi,,
and output Y have the following relation.

17
1+y 147 | T+

Yz)r(E = fz’o(Xirz Dz’r) = “zX(Xz'r) T+ (1 - “ZX)(Dir) 7

where 7 denotes constant elasticity of transformation. Given the price of domestic good p% and
the price of export goods p, profit-maximizing producers allocate output to domestic and export
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Figure 2: The nesting structure of non-fossil fuel sector.
Figure 3: Production function of non-fossil fuel sector.

markets so as to maximize their revenues. Thus, we can define the price index of output as follows.

pir=max [piiX +piD | f7(X,D) =1]

@)+ (1 - ) )] @

This price index p}, indicates maximum revenues derived from one unit of output. Since we assume

that the ad valorem tax t is imposed on output, unit revenue for producers is given by (1 —t!)p}.

From the above arguments, we can express zero profit condition for fossil fuel sector i € XE as
follows.

Y\, Y _ Y

(1 — )pir =6

r

1.2.2 Non-fossil fuel sectors

Non-fossil fuel production (including electricity and refined oil) has a different structure from that
of the fossil fuel sectors. Fig. Blillustrates the nesting and elasticities of substitution employed in
non-fossil fuel production sectors. Non-fossil fuel output is produced with fixed coefficient (Leon-
tief) aggregation of non-energy intermediates and an energy-primary factor composite. The energy
composite and primary factor composite are aggregated through a CES function with an elasticity of
oprg. The primary factor composite is a CES aggregation of labor and capital stock with an elasticity
of opp. The energy composite is a CES aggregation of electricity and a non-electric energy input com-
posite with an elasticity of substitution of cg. The non-electric energy composite is a CES aggregation
of coal and liquid energy composites. Finally, the liquid energy composite is a CES aggregation of
gas and refined oil.

Let YNXE denote output of non-fossil fuel sector i € NXE and let Q]I.l-r and Q'FE denote non-energy
intermediate inputs and energy-primary factor composite respectively. Then, Y)*E has a following
relation:

NXE NXE I PFE QJI' ir e
Yir = Jir ({Q]zr }jGNENE/ Qir ) = min T ’ l'l);E (3)
jir ) jeNENE "



Since QPFE is a CES aggregation of primary factor composite QPF and energy composite QFA the
following relation holds:

PFE_ (PFE EA
Q — Jir ( ir 'Qir )
IPFE
9ppE—1 oppg—1

— QI B+ 1 - ol | @

Primary factor composite QFF is a CES aggregation of labor L;, and capital K;,. Thus, we have

Q= fi¥(Lin Kir)

_9PF _
7pE—1 opp—1 ] opr—1

- {“zl?(Lir) T+ (1 ag) (Kyp) ®)
On the other hand, energy composite is a CES aggregation of electricity QEILE . and non-electricity
energy composite QEEL.

fzr (QELE ir’ QNEL)

0]
op—1

+(1- ELE)(QNELﬁEl} (6)

UE—l

= [ ELE(QELEzr)

Non-electricity energy composite is a CES aggregation of coal QEIOLJV and liquidity energy com-
posite QI-;QD:
EL_ (COL LQD
QN = £5OM(Q€oL i Qi)

”COLl
ocoL—1 ocoL—1 | 9COL™

LOD\ oo~

= [ COL(QCO ”) 7COL (l—thOL)(QirQ ) coL 1

7)

Finally, liquidity energy composite is a CES aggregation of refined oil and gas:

Q)
ULQD—l ”LQD71
LQD__ LQD LQD o7
QWQ f Q ({Q]zr}]ELQD) Z ]19 (Q]1r) Lap ‘|

j€LQD

Next, as in fossil fuel sectors, we define unit cost and price indices for non-fossil fuel sectors.
First, from (3), the unit cost function for non-fossil fuel sector i € NXE is given by

ch=min | Y pQf +pi QT | AF({Q]  jenene, Q) = 1
JENENE

— PFE__PFE
- Z ]erljl’r‘ + iy "Pir
JENENE

PFE ;

where ﬁ‘f}l =1+t )ps i 18 the producer price of intermediate input j and p; ™ is the price index of

jir
energy-primary factor composite.
Next, from @), the price index of energy-primary factor composite is given by

pPFE= min {Pz FQPF 4+ pEAQE | fPFE(QPF QFA) 1}
1

= |:(0(11;F)(7PFE (p}’rF)l—rprE + (1 _ “}-;F)UPFE(pE‘A)]—UPFE} T=oprp

7



where p!F is the price index of primary factor composite and pE is the price index of energy com-
posite.
From (§), the price index of primary factor composite is derived as follows:

p})rFE min [pr L+ rKK | fPF(L K) = 1}
1

= [(h)e (pF) o 4 (1 — ) (rf) e T

where pL and 7K are wage rate and rental price respectively.
On the other hand, the price index of energy composite is derived from (6):

NEL ANEL | (EA NEL
min [pIELElrQELE+pzr QNEL | FEA (QFLe, Q )_1}

1
(B (P i)'+ (1= afE) e (pF e |

EA
Pir

NEL

where ﬁf}ELE,i, =1+ tELE i r)pELE . is the producer price of electricity and p;*" is the price index of

non-electricity energy comp051te
Similarly, from (Z), pIEL is given by

NEL _

pPir = min {pCOL erCOL + pLQDQLQD | fNEL L/ QLQD) = 1:|

1
_ LOD\1— 1-
= [(2504) 70 (pfoy ;)10 + (1 — a§OL) 7o (pLQP)1-econ | T

where ngLlir is the producer price of coal and p}rQD is the price index of liquidity energy composite.

Finally, from (&), pI;QD is derived as follows:

LOD__ L D
per = min Z p]erEI | Q {Q}EI}]'GLQD) =1
ieLQD

1
1— LQD

LQD E \1-
= E (06]-1-9 )HLQD(pjir) Lp
j€LQD

where pﬁr (j € LQD) is the price of liquidity energy.
As to output side, the price index of output is defined in the same way as ().

1.2.3 Demand and supply

In this section, demands for production inputs are derived. Since we have already defined unit cost
function and price indices, we can easily derive demands for inputs by using Shephard’s lemma.
First, let us consider fossil fuel sectors. Demand for resource inputs is derived by differentiating the
cost function with the price of resource inputs:

ac Y IXRCY ORir
D _ XE __ XE
R apzlg er - [ ;er Yir (8)
ir

Similarly, demands for intermediate inputs and labor are given by

Ui
_ Oy 00l xE — 4L [“5@;] R” XE
IL [/ Jir L ir
ap[]zr ap Pir
i
[D— dpiy ocy ryXE _ L agcy R" YXE
ir apig apH‘ ir  — %ir IL

ir

Q]ZV




Next, consider supply functions. As demand functions, we can derive supply functions with
Shephard’s lemma, that is, differentiating the price index of output (unit revenue function) with
supply prices. For example, export supply is given by

Y x 71
XS5 = IPjy YXE _ ziry YE
&Py

Similarly, domestic supply is

U
DS = aPerXE: l PEX y] YXE
( Y% )pir

aD ir ir

Next, we consider demand and supply of non-fossil fuel sectors. Since the top level of the produc-
tion function of non-fossil fuel sectors is Leontief technology, demand for non-energy intermediate
good j is given by a]IerZIfXE Demand for energy intermediate goods and primary factors are derived
as follows.

By Shephard’s lemma, demand for primary factors is

PF »,,PFE aL pPF UPF [ PF, PFE ] YPFE
p_ 9P 9Pir Iy NXE _ [ irPir ] [air Pir ] aPFEYNXE
l}’

ir apr ap PPFE ir pr PEF

UPF UPFE
D_ oy aPPFE Iy axe _ | (L—ap)pif "‘EFPEFE 2PFEyNXE
r ai’K ap apPFE ir 7K plr Gip Yir

Following the same procedure, we can get demands for energy intermediate goods. First, de-
mand for electricity is given by

aper aPPFE aczr NXE
QELE ir— Y ~ A

EA 5, PFE " ir
PreLEr OPir 9P
UPFE
_ [ ELEPEA] l(l )PEFE] PFEYNXE
zr
PI,ELE,ir pzr

Demand for coal is given by

aPerL aPzA aPPFE aC NXE

QCOL =
T apEoLy OpNEL apEA BPPFE "

COL,,NEL ] 7COL [ NEL,,EA | E PFE | /PFE
_ l“ir Pir ] [“zr pzr‘| l(l )pzr ] PFEyNXE
pzr

NEL

E
PcoL,ir Pir

Finally, demands for liquidity energy intermediate j € LQD are

aPLQD aPerL aPzA aPPFE aC NXE

Q= = LQD 5, NEL GpEA prE Vir
M oph, appdP oph opEt apj,
LQD LQD ILQD ocoL
ey [(1 COL)p%\rIEL]
= E LQD
Pﬁ" per
OUPFE
[agELPf}A] [( )PEFE] 2PFEYNXE
NEL zr ir
plr pzr

Supply functions of non-fossil fuel sectors are the same as those of fossil fuel sectors.
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Figure 4: Utility function.

1.3 Demand side

In this section, we explain the demand side. To represent the demand side of each region, we assume
a representative agent. The utility of a representative agent in a region depends on consumption and
savings and has a structure in Fig[l Utility is a nested Cobb-Douglas aggregation of savings and
final goods consumption. The Cobb-Douglas specification means that the shares of savings and
expenditure on goods in total expenditure are constant. Final consumption is a CES aggregation of
a non-energy composite and an energy composite with an elasticity of substitution of oc. The non-
energy composite is a Cobb-Douglas aggregate of non-energy goods, and the energy composite is a
Cobb-Douglas aggregate of final energy (refined oil, gas, and coal) and electricity.

The structure of utility function is represented algebraically as follows. Let C, and S, denote
aggregate consumption and savings respectively. Then, utility of a representative agent in region r
is

~ ~ C _4C
Uy = U(Cy, Sy) = (C)™ (8)' )

The aggregate consumption is a CES aggregation of energy consumption composite and non-

energy consumption composite. Thus, we have

e
4 occ—1 occ—1

~ ~ c—!
Cr = C(CFS, CENF) = | (CFC) e + (1 — af€) (CFNF) e (10)

where CEC is the energy consumption composite and CSNF is the non-energy consumption compos-
ite.

Since CEC is a Cobb-Douglas aggregation of energy consumption goods, it is represented as fol-
lows:

c
CrC = CF°({Catierne) = [] (Cin)™ (11)
i€ENE
Similarly, CSNF is a Cobb-Douglas aggregation of non-energy consumption.

C
CoNE = PN ({Cirdienene) = [ (G (12)
ieNENE

1.3.1 Expenditure Minimizing Behavior

From the duality, utility maximizing behavior is captured in terms of expenditure minimizing behav-
ior. Below, we see the agent’s behavior in terms of expenditure minimizing behavior. As presented
in the previous paragraphs, utility function is a multi-stage CES function. In this case, we can un-
derstand optimizing behaviors in each stage separately. That is, we can divide utility maximizing

10



behavior into the following three choices: (1) choice between consumption and savings, (2) choice
between energy consumption and non-energy consumption, (3) choice between consumption goods.
Using this property, we consider the household behavior in each stage separately.

First, let us consider the top stage. The relation between aggregate consumption C, and savings
Sy is given by (@). Under this relation, utility-maximizing household chooses the combination of ag-
gregate consumption and savings that minimizes expenditure. From this expenditure minimization,
we can define the price index for utility as follows:

pC af pS 1-af
u_ - CA S ~ _ _ | Fr
p; = min [p,C—i—p S| U(C,S) 1} LC?} [1_0‘9}

where p¢ is the price index of aggregate consumption and p® is the price of savings which is uniform
across all regions.
From (10), the price index of aggregate consumption is given by

pC= min [P}ECCEC + pONECCNE | 5 (CEC CCNE) _ 1}
1
[ (B (pEC) -7 4 (1 — BC)ree (ONE)1-oce] FCC

Since energy consumption composite is defined by (1)), the price index for it is

pEC= min |f’éELE,rCELE + > péCil CrC({Ci}iceng) = 1]
iCENE

c c
=A XELE,r ED ] %ir
| PCELEr H Pir
N IXC OCC
ELE,r i€FE ir

where 4, = (14 t$)pf is the consumer price of good i and pEP(i € FE) is the consumer price of
final energy.
Similarly, from (I2), the price index of non-energy consumption composite is

YCNEE min [ Z ﬁéirci | CrCNE({Ci}ieNENE) =1
ieNENE

A 7%
— H péir
D(C

ieNENE ir

Using the price index of utility defined above, utility that the agent achieves is represented by the
following relation.

u, = H,/p¥

where H, is the representative agent’s income that will be defined later.

1.3.2 Compensated Demand

In this section, demands for consumption and leisure are derived. Since we have so far defined
price indices (expenditure functions), we consider compensated demand functions (Hicksian de-
mand functions). Compensated demand functions can be derived by using Shephard’s lemma. The
approach here is the same as the one in deriving demands for production inputs.

Demand for savings is

(1—af)p! u

u
5= Py, = 3
s

_8p§ =

11



Demand for non-energy consumption goods is

[
p_ pNE 9p¢ aptt lﬂ‘ﬁPSNE] l(lw?}c)r’ﬁ] “ alpt

" aﬁéz‘r aP’CNE apg ﬁéir Pg’NE

Consumption demand for electricity is

0y
apEC apl apll [P] [pl < afpl

14
- U,
apé,ELE,r apr© aps pic Py '

chb =

i

ZA
PCELEr
Consumption demand for final energy (i € FE) is

[
b opEC opS opY  [aGpEC] [aBCpl 1 aCpl
U, — U,

" ap(E:ir ap}TEC apg p(EZir p?rc pi(’:

1.4 International trade

Like other CGE analyses, we use the Armington assumption (Armington, [1969). The Armington as-
sumption implies that goods produced in different regions are imperfect substitutes. We assume that
goods produced in different regions are aggregated through a CES function. This aggregation is con-
ducted in two stages. First, imports from different regions are aggregated into an import composite.
Second, an import composite and domestic goods are aggregated into a composite (an Armington
composite).

Let M;, denote the import composite of region r and let MM, denote the import from region s
to region r. Then, M;, is represented as follows:

M

o1 | om—1
Mir = Mir({MMisr}) = [Z D‘%\s/[rM(MMisr) ™ ]
s

Similarly, the Armington composite A;, is expressed as

A
op-1 JA1:| ?

Ajy = Ajy(Dip, M) = [’XAD(Dir) A+ (1—apP) (M) o

ir ir

where D;, is the amount of domestic goods. Armington goods are used both for intermediate inputs
and final consumption.

It is assumed that the combination of imports from different regions are chosen so as to minimize
cost. Thus, we can define the price index of import composite as follows:

piy = min [Z P MM | M, ({MMj}) = 1]

1
- [ZWMM)”M@MM)HM] o

S

where pMM s the price of import from region s to region r. This import price includes export tax,
import tax and transport cost. Let tX, and t1 denote export tax and import tax imposed on good i
from region s to region r. Moreover, let 7;;, denote the amount of transport services required to ship
one unit of good i from region s to region r and let p! denote the price of transport services. Then,

p%[rM is written as follows:

pMM = 1+ 801+ 5) P8 + P Tier]

12



Similarly, we assume that domestic goods and import composite are chosen to minimize cost.
Thus, the price index of Armington goods is defined as follows:

pi=min [pPD + p)M|A; (D, M) = 1]
_1
= [WPR) o+ (1 - D) () o]

From the price indices defined above, we can derive demand functions for domestic goods and
imports. First, region r’s demand for import of good i from region s is

apM aMM ;MM
MMZ%’ = 9 pl\ilrM M;, = [ ls’i\/[]\p/llr M;,
pisr

isr

Demands for domestic goods and import composite are given by

A AD,,A%A
DAD _ aPirA, _ % Pir| 4.
ir 2 D ‘lir — D ir
pir pir
A ADY,, A7 %4
MD — apzi\;{ A, = (1- “é\rA )Pir A,
r
apir pir

Finally, demand for transport services is given by

D
Tisr = TierMisr

1.5 International transport sector

International transport sector supplies transport services. Transport services are produced from ex-
port goods supplied from different regions under a Leontief technology. Let Y! is the amount of
transport services and X7 is the export good i from region r used to produce transport services.

Then, we have
xT
YT = min H — H
a:
r
From this, the price of transport services is expressed as follows:

T _ T X
p _E :airpir
ir

1.6 Carbon emissions and carbon taxes

We assume that carbon emissions are generated only from final energies (that is, OIL, COL, and
GAS) and that they are generated only from final consumption and intermediate inputs in non-fossil
fuel sectors. This means that carbon emissions are not generated from the consumption of CRU and
from intermediate inputs in fossil fuel sectors.

Let J}ir denote the amount of carbon emissions in sector i € NXE per unit of intermediate input
j € FE and let t&* denote carbon tax. Then, the price of final energy j that sector i faces is given by

E I\, A s CA
Pjir = (Lt )iy + Oty

The price of final energy is the sum of the price of Armington goods and carbon tax.

13



Similarly, let 6£° denote the amount of carbon emissions per unit of final consumption i € FE.
Then, the consumer price of final energy i is given by

piP = (1+t5)pit + o5 th

Total carbon emissions in region r are given by

T _ 1 EI ED ~D
CAL =D | > 9,Q +6,°C]
jEFE LieNXE

1.7 Investment

Since our model is an open model and we assume that money can move freely across regions, invest-
ment and savings in a region need not be equalized. As already described, savings are determined
through utility maximization of a representative agent. On the other hand, we assume that regional
investment (investment in a region) is determined in the same way as the standard GTAP model
(Hertel, 1997 p. 54). That is, regional investment is determined so that the rate of changes in the
expected rate of return from capital stock are equalized across regionsIl In the rate-of-return model
of GTAP, regional investment and the world investment are determined as follows.
First, we define the end-of-period capital stock of region r.

KE=(1—-¢p)K +L =K + 1IN

where ¢, is the depreciation rate, I, and If\’ = I, — ¢,K; are the gross and net investment of region
respectively. Note that I, is equal to Ycgp /-
Next, we define the current net rate of return on fixed capital in region r:

K
C Ty
Iy = —¢r
I
Pr

where p! is the price of investment goods in region r and is equal to ngD’r.

We assume that investors are cautious in assessing the effects of net investment in a region. They
behave as if they expect that region’s rate of return in the next period (rF) to decline with positive
additions to the capital stock. The rate at which this decline is expected is a function of the flexibility
parameter 3, > 0. The expected net rate of return on capital stock in region r:

KE —Br
1[5

T —_
r
Ky-

Then, we assume that regional investment is determined so that the rates of change in the ex-
pected rates of return on capital stock are equalized in all regions:

¢ =gy

where 7€ is the global rate of return. rC is determined so that the value of global saving is equal to
the value of global investment:

571G ITN
pI” = Z prly
r
where global net investment is the sum of regional net investment.
©=>"1y
r

n the standard GTAP model, there is another type of investment decision. That is, regional investment is determined so
that share of each region’s capital stock is fixed. In this chapter, we do not employ this approach.
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1.8 Market clearing conditions

In this section, equilibrium conditions for goods and factor markets are presented.

1.8.1 Markets for domestic goods
Domestic goods are supplied by production sectors and demanded by Armington aggregation ac-

tivity.

_ PnAD
Di?’ - Dir

1.8.2 Markets for export goods

Export goods are supplied by production sectors and demanded by other regions and global trans-
port sector.

1rs

Xy =Y MMp, +alT
S

1.8.3 Markets for import composite

Market for import composite:

M;, = MP
1.8.4 Markets for Armington goods
Market for non-energy goods (i € NENE):
A=Y QL+ D aj Y +Cf i € NENE
JEXE JENXE

Market for energy goods (i € ENE):
Ap =Y QL+ Y Qft+cp i € NENE
JEXE JENXE
Market for transport services:
YT=> Th
ir,s

Market for labor. Labor is supplied by the representative agent and demanded by production
sectors:
Lr=Y L{
i

Market for renting capital. Capital is supplied by the representative agent and demanded by
production sectors:

D
Ky = Z Kir
ieNXE

Market for natural resources. Note that natural resources are used only in fossil fuel sectors and
they are sector-specific. Thus, their prices come to differ across sectors:

Riy = R
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Market for savings. Savings goods are supplied by global investment sector and demanded by
each region:

G:ZS’
r

1.9 Income

Income of a representative agent is the sum of factor income and tax revenue minus depreciation.

Hy= prLy + 17K + Z PiRir
ieXE

+ Z Z t]zrp]r Q]ZV + Z Z t]zrp]r Q]lr

ieXE j i€ENXE jeNENE
D M X T D
+ Z tzrs perMzrs + Z tzsr 1 + tzsr pzr + p TiST]MMlsr

+ Z tz{pzyzi@ Z tzrperNXE + Z tzrperD + tCACAT
ieXE ieNXE

— prgeKr

1.10 Recursive structure of the model

Our model is a recursive one and solved successively for each period. In each period, the model is
solved according to the following procedure:

[1] Given the beginning-of-period capital stock K, the model for that period is solved.

[2] Then, we can calculate the end-of-period capital stock KF as follows:
KE= (1=K + 1,

[3] Set KE to the beginning-of-period capital stock in the next period and solve the model for the
next period.

Following the same procedure, equilibria in subsequent periods are solved successively over time
span of our model (1997 to 2020).

2 Determination of 4 and b

In Section ??, we have explained the way for calculating 4 and b. Here, we explain it in more details.
We assume that the following relation holds between the level of carbon tax and per capita in-
come:

A = a + by,
yr =Y,/ (pi'ny)

where 7, is the population and y; is real per capita income.
In the simulation, a and b are estimated by OLS using the values of t&* and v, realized in 2010
and then the following equation is incorporated into the model.
KA =a+bY,/(pny) + &

This relation determines carbon tax endogenously according to per capita income level.
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Table 3: Population (mil.)

1997 2000 2005 2010 2015 2020
USA 268.4 275.6 288.0 300.2 312.6 325.2

CAN 30.3 31.1 32.6 33.9 35.3 36.6
WEU 386.4 388.2 389.7 389.1 387.3 384.7
JPN 126.0 126.7 127.5 127.3 126.1 126.7
AUS 26.1 26.9 28.1 29.3 30.4 315
EFS 413.0 412.8 413.1 414.5 415.3 414.2
MEX 94.3 98.9 106.1 112.9 119.2 125.0
CHN 12442 12776 13264 13729 14177 14545
IND 966.2 1,013.7 1,0875 1,1522 1,211.7 1,272.2
ASI 910.7 9655 11,0497 1,131.7 1,2122 1,288.1

MIE 229.4 244.5 268.4 295.4 3229 349.9
CSA 397.5 416.3 447 .4 477.9 507.6 535.7
ROW 731.4 784.4 875.9 9733 1,077.8 11,1874

Source: |[EIA|(2001).

3 Parameters

In this section, we explain parameters used in the model. Parameters here mean variables which
are not determined endogenously in the model. Most of the parameters are given exogenously, but
some of them are calibrated. Parameters presented here are:

[1] Population.

[2] Labor growth rate.

[3] Technology growth rate.
[4] Elasticity parameters.

[5] Other parameters (depreciation rate etc.).

3.1 Population

In the simulation, we consider per capita income in each region. To derive per capita income, it is
necessary to project population of each region. For this, we use the population projection in EIA
dataset. Projected population is displayed in Table BF.

3.2 Labor growth

Labor endowment of each region grows at the exogenously given growth rate. We assume that the
growth rate of labor endowment is equal to the population growth rate. Table @ displays the annual
growth rates of population and labor.

3.3 Technology growth

We assume that technology improvement is modeled as labor and capital augmented technology
change and that this technology improvement occurs only in non-fossil fuel sectors. Moreover, we
assume that technology improvement is uniform across all non-fossil fuel sectors in a region and

2The spreadsheet of the dataset in[EIAl (2001) is available at EIA (Energy Information Agency) website.
http://www.eia.doe.gov/.
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Table 4: Annual growth rate of population (labor) (%)

199799  2000-04 2005-09 2010-14 2015-19

USA 0.89 0.88 0.83 0.81 0.80
CAN 0.97 0.89 0.83 0.80 0.75
WEU 0.16 0.08 —0.03 —0.09 —0.14
JPN 0.18 0.12 —0.02 —0.20 0.10
AUS 0.95 0.89 0.82 0.78 0.73
EFS —0.02 0.01 0.07 0.04 —0.05
MEX 1.60 143 1.24 1.09 0.95
CHN 0.89 0.75 0.69 0.64 0.51
IND 1.61 1.42 1.16 1.01 0.98
ASI 1.97 1.69 1.52 1.38 1.22
MIE 2.14 1.89 1.93 1.80 1.62
CSA 1.55 1.45 1.33 1.21 1.08
ROW 2.36 2.23 2.13 2.06 1.96

Source: |[EIA|(2001).

Table 5: Growth rate of technology parameter ¢ (%)

USA 13
CAN 09
WEU 14
JPN 04
AUS 08
EFS 3.0
MEX 19
CHN 33
IND 19
ASI 12
MIE 18
CSA 15
ROW 12

that the rate of technology improvement is constant over time span of the model. In the production
function below, technology improvement is represented by the increase in ;.

opp—1 opp—1

The rate of growth in (, is determined so that the GDP growth rates derived from the model
become close to the GDP growth rates projected in EIA dataset (EIA} 200I). The rate of technology
growth is given in Table

3.4 Elasticity of substitution

Table [f] presents values of elasticity of substitution. Most of them are taken from [Rutherford and
Paltsev! (2000). As to ongr, (elasticity of substitution between coal and liquidity energy) and o7 qp
(elasticity of substitution between oil and gas), we use slightly higher values than the original values.
They are adjusted so that emission shares of final energy derived from our model become close to
projected shares in EIA dataset.
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Table 6: Value of elasticity parameters*

Notation Description Value

n EOT between domestic supply and export supply 4
ou EOS between consumption and savings 1
oc EOS between energy and non-energy consumption goods 0.5
UCNE EOS between non-energy consumption goods 1
OCE EOS between energy consumption goods 1
OPFE EOS between primary factor-energy composite 0.5
OPpF EOS between primary factors 1
0E EOS between electricity and non-electricity 0.1
ONEL EOS between coal and liquidity energy 1.5
L.QD EOS between oil and gas 4
ORir EOS between fossil fuel resources and other inputs in fossil fuel sectorst

oA EOS between domestic and import goods 4
oM EOS between imports from different regions 8
%) EOS between inputs in international transport sector 0

* EOS is elasticity of substitution and EOT is elasticity of transformation.
T ogjy is calibrated from fossil fuel supply elasticity.

3.5 Calibration of elasticity of substitution between resource input and non-
resource inputs

Elasticity of substitution between fossil fuel resources and non-resource inputs in fossil fuel sectors
(oRr, i = CRU,COL, GAS) is calibrated from a benchmark value of the fossil fuel supply elasticity
(€?). Calibration is conducted in the following way.

First, the supply elasticity of fossil fuel is defined by

B anE pz B anE ﬁ};

&y = apY YXE - apY YXE

ieXE (13)

where 5¥ = (1 —tY)pY.
From the chain rule, we have
oYpE 9y EoQl
oy~ oQr op)
To obtain the value of the RHS, we use the condition of profit maximization. The production

function of fossil fuel is defined as follows (subscript i and r are omitted for notational simplifica-
tion).

(14)

7R
og—1 og—1 | rR~1

YXE — [ XER(R) TR 4 (1 — o ER)(QML) 7k (15)

From this, we can derive the condition of profit maximization for fossil fuel sectors.

~ anE
Y QIL = pIL (16)

Given the price of fossil fuel 5", the price index of non-resource input p'*, and resource input R, this
condition determines the optimal input of non-fossil fuel Q. Totally differentiating (16), we have

anE aZYx
+

IL _
aQILd a(QIL) dQ
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From this, 9Q'"/9pY is given by
aQIL o anE/aQIL
aﬁY - ﬁYBZYXE/a(QHOZ
({2 includes the first and second derivatives of YXE. Two derivatives can be derived from (I5),

but we use the calibrated share form of the production function instead of the original production
function. The calibrated share form associated to (I5) is given by

(17)

IR
or—1 or—1 op—1
- R\ or QL “r
YXE = yXE [9XER <R> +(1-6*FF) (Q_IL> ] (18)

QXER

where a bar over a variable denotes the benchmark value of that variable and is the benchmark

share of resource inputs in total cost:

OXER prR
ﬁRR + ﬁIL QIL

From (I8), the first and second derivatives are derived as follows.

1
IVE  xe B xEyk g xery [QT] K1
(Y™5) = (Y™5) 7R (1 - 67°F)

2YXE _ z(n}}—l) 2;& (1 _ QXER)Z QIL *% 1 2
2 o ]
o og-l 11— gXER [QIL *1;% 1 12
ARk [

Since we want to derive the value of supply elasticity at the benchmark, we evaluate the above
equations with the benchmark values. So, we set YXE = YXE R = R, and QIL = QIL:

oYXE 1

_ vXE XER
E)YXE _ —YXE (1 — GXER) _L 2 GXER (20)
90 oR o
From (@3), (I4), and (7)), we have
oYE 72
s_ pravEaQt 1 {W}
T VYXE QOIL 35Y | YXE 2YXE
YXE 9QIL 9p Y Homy?

Inserting (I9) and (20) into the above equations, the benchmark value of supply elasticity is de-
rived.
s _ (1=0)og
HXER

Solving this equation with respect to o, we have

9XER

O = —dr oS

Rir 1_ GXER i
ir

Given 0XER and ¢3, we can calibrate the value of og;, from this relation.
ir i Rir

The benchmark shares of resource inputs 6XER are derived from the benchmark dataset. As the
benchmark supply elasticity, we assume the values in Table [/l The benchmark values of the fossil
fuel supply elasticity sls are determined so that carbon emissions of each regions become close to
projected emissions in EIA dataset.
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Table 7: Benchmark price elasticity of fossil fuel supply
Fossil fuel  Elasticity

CRU 0.6
COL 22
GAS 0.1

Table 8: Other parameters

Notation Description Value
¢r Depreciation rate 0.04
Br Flexibility parameter 10

3.6 Other parameters

There are two more parameters we need to determine. That is, the depreciation rate ¢, and flexibility
parameter ;. For these parameters, we assume values in Table[8l These values are taken from the
standard GTAP model.

4 Qverview of the Benchmark Dataset

For the benchmark dataset, we use a global economic-energy dataset, GTAP-EG provided by|Ruther-
ford and Paltsev| (2001). We aggregate the GTAP-EG dataset to eight sectors and 13 regions, using
the aggregation routine program provided by GTAP-EG. The benchmark year for the data is 1997.
In this section, we overview this benchmark dataset.

41 GDP
Table@lreports value and share of GDP in the benchmark year.

4.2 Emission data in the benchmark year

Table [10] reports carbon emissions at the benchmark year by region and by sector. It shows that
carbon emissions from Annex I regions and Non-Annex I regions in 1997 are 3,681 and 2,318 MtC
respectively and the world total emissions are 5,999 MtC. It also shows that the most carbon gen-
erating sector is electricity (ELE) and that emissions from Annex I regions account for 60% in total.
Table @l also includes carbon intensity of each region (that is, the amount of carbon emissions (kg)
required to generate one US$ dollar of GDP). From the table, we can see that Annex I regions tend
to have the lower carbon intensity than Non-Annex I regions. This is partly because Annex I regions
have more efficient production technology that non-Annex I regions.

Figurebland Table[IIlreport the volume and share of carbon emissions by source. They show that
non-Annex I regions tend to use more carbon intensive energy (that is, coal) than Annex I regions.
This also explains why Annex I regions tend to have the lower carbon intensity than Non-Annex I
regions.
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Table 9: GDP at the benchmark year

Value (bil. $)  Share (%)

USA 7,916.2 29.9
CAN 545.4 2.1
WEU 7,436.0 28.0
JPN 3,639.9 13.7
AUS 410.0 1.5
EFS 792.5 3.0
MEX 343.8 1.3
CHN 843.4 3.2
IND 351.3 1.3
ASI 1,388.7 5.2
MIE 627.9 2.4
CSA 1,468.7 55
ROW 749.8 2.8
Annex I 20,740.0 78.2
Non-Annex I 5,773.7 21.8
World 26,513.7 0.0

Table 10: Carbon emissions (MtC) and carbon intensity (kg/$)

Y EIS ELE FD* total Share (%) kg/$
USA 582.3 196.7 605.2 98.2 11,4824 24.7 0.19
CAN 68.0 25.6 29.5 12.6 135.7 2.3 0.25
WEU 375.0 158.7 257.0 109.1 899.8 15.0 0.12
JPN 123.9 77.0 109.6 15.2 325.7 5.4 0.09
AUS 324 134 41.8 0.3 87.9 1.5 0.21
EFS 193.6 91.1 377.6 87.2 749.5 12.5 0.95
MEX 374 19.1 249 6.1 87.5 1.5 0.25
CHN 174.7 239.1 327.2 77.2 818.0 13.6 0.97
IND 59.7 45.8 114.7 13.3 233.6 3.9 0.66
ASI 168.7 75.7 121.8 23.2 389.4 6.5 0.28
MIE 133.7 37.0 85.3 28.2 284.1 4.7 0.45
CSA 121.0 48.3 35.6 159 220.7 3.7 0.15
ROW 129.9 34.1 109.7 11.7 285.4 4.8 0.38
Annex I 1,375.2 562.5 1,420.7 322.6 3,681.0 61.4
Non-Annex I 825.1 499.0 819.2 1755 2,318.8 38.6
World 2,2003 1,061.5 22399 498.1 5,999.8

* FD indicates emissions from final demand.
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Figure 5: Carbon emissions at the benchmark year (MtC)

Table 11: Emission share by source (%)

COL OIL GAS

USA 35.6 447 19.8
CAN 203 504 29.3
WEU 249 559 19.2
JPN 268 639 9.3
AUS 495 387 11.8
EFS 370 246 38.4
MEX 74 747 17.9
CHN 789 19.7 14
IND 68.0 27.5 45
ASI 215 65.0 13.5
MIE 9.7  60.0 30.4
CSA 95 71.6 18.9
ROW 55.0 36.0 9.1
Annex I 322 451 22.7
Non-Annex I 474 420 10.5
World 38.1 439 18.0

23




5 Model for the simulation

We have already explained the model structure. However, in GAMS programs for the simulation,
the model is described using calibrated share forms. Here, we present the model in accordance with
GAMS programs.

[1] All function are written in calibrated share form (Rutherford) [1998)).

[2] Reference prices are omitted for notational simplification.

[3] Slack variable associated to each equation is given in parentheses on the right end.

All GAMS programs for the simulation is available from the author upon request.

5.1 Notations

Third columns in tables below display notations used in GAMS programs.

Set definitions

Notations Description In program
I A set of all goods and sectors i,j

FE = {COL, GAS, OIL} - - - Final energy. fe

XE = {COL, GAS, CRU} - - - Fossil fuels. xe

NXE =TI\ XE - - - Non-fossil fuels. nxe

ELE =ELE - - - Electricity. ele

COL =COL. - - - Coal. col

LQD = OIL, GAS. - - - liquidity energy. lqd

ENE = ECUELE - - - Energy goods. eg

NENE = I\ ENE - - - Non-energy goods. neg

Activity variables

Notations Description In program
Y; Level of production. y(i,r)
E# Energy aggregation for non-fossil fuel sectors (i € NXE). ea(i,r)
ir Armington aggregation. a(i,r)
M;, Import aggregation. m(i,r)
Cir Consumption aggregation. c(r)
YT Global transport sector. yt
U, Utility. u(r)

Unit cost functions

Notations Description In program
c}; Unit cost of production. c_y(i,r)
CE,A Unit cost of energy aggregation (INXE). c_ea(i,r)
c{; Unit cost of Armington aggregation. c_a(i,r)
C%A Unit cost of import aggregation. c_m(i,r)
o Unit cost of consumption aggregation. c_c(r)

T’ Unit cost of transport sector. c_t

ct Unit cost of utility. c_u(r)

G Unit cost of utility. c_u(r)
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Price variables

Notations Description In program

pé Price index of output. p_y(i,r)

pli5 Price of export goods. p_x(i,r)

p; Price of domestic goods. p-d(i,r)

pﬁ Price index of non-resource inputs (i € XE). p_il(i,r)

pEFE Price index of energy-primary factor composite (i € NXE). p_pfe(i,r)

pEF Price index of primary factor composite (i € NXE). p_pf(i,r)

p%IEL Price index of non-electricity energy composite (i € NXE). p_nel(i,r)

p];QD Price index of liquidity energy composite (i € NXE). p-lqd(i,r)

pgng Price of import including import tax. p_m(i,r,s)

p; Price of import composite. p_m(i,r)

plf Price of transport services. p_t

piA Price index of energy composite (i € NXE). p-ea(i,r)

p? Wage rate. p-1(x)

rK Rental price. r_k(r)

pg Price index of Armington goods. p-a(i,r)

Pr Price index of aggregate consumption. p_c(r)

p! Price of investment goods. p-inv(r)

pd Price of utility. p_u(r)

py Price of savings goods. p_s

le Price of resource inputs (i € XE). p_r(i,r)

pNE Price index of non-energy consumption. p_cne(r)

pSE Price index of energy consumption. p_ce(r)

pgr Price of final energy for intermediate inputs p_e(i,j,r)

(i € FE,j € NXE).

pEP Price of final energy for final consumption (i € FE). p_efd(i,r)
Unit demand and supply functions

Notations Description In program

a).iER Demand for resource inputs (i € XE). a_xer(i,r)

a%EL Demand for labor (i € XE). a_xel(i,r)

a%fl Demand for intermediate goods (i € XE). a_xei(j,i,r)

aiir Demand for capital (i € NXE). a_fk(i,r)

ar. Demand for labor (i € NXE). a_f1(i,r)

apt Demand for energy composite (i € NXE). a_ea(i,r)

ag, Demand for energy goods (j € ENE, i € NXE). a_e(j,i,r)

ahb Demand for domestic goods. a_ad(i,r)

atM Demand for aggregate import. a_am(i,r)

a%VIM Demand for import goods. a_mm(i,r,s)

aiéf\IE Demand for non-energy consumption goods (i € NENE). a_cne(i,r)

aiéE Demand for energy consumption goods (i € ENE). a_ce(i,r)

aé Supply of export goods. a_x(i,r)

a; Supply of domestic goods. a_d(i,r)

a?f Demand from transport sector. a_t(i,r)

at Demand for aggregate consumption. a_cc(r)

as Demand for savings goods. a_s(r)

ak Input coefficients for non-energy intermediate goods

=
I

(j € NENE, i € NXE).
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Other variables and parameters

Notations Description In program

H, Income of the representative agent. inc_ra(r)

CAﬁr Emissions from intermediate inputs. d_c_e(j,i,r)

(j € FE,i € NXE).

CAEP Emissions from final consumption (i € FE). d_c_fd(i,r)

cAl Total emissions of region r. d_ca(r)

r¢ Current rate of return from capital stock. r_c(r)

rk Expected rate of return from capital stock.  r_e(r)

rC Global rate of return from capital stock. r_g

KE End-of-period capital stock. k_e(r)

K; Beginning-of-period capital stock. k_b(r)

¢ Global net investment. ginv

I Regional gross investment. grossinv(r)

N Regional net investment. netinv(r)

Sy Regional savings. rsave(r)

or Depreciation rate. depr (r)

Br Flexibility parameter. rorflex(r)
Tax variables

Notations Description In program

t}f Production tax rates. t_y(i,r)

tfi Intermediate tax rates. t_i(i,j,r)

tlé Consumption tax rates. t_c(i,r)

M Import tax rates. t_m(i,r,s)

t?i Export tax rates. t_x(i,r,s)

tréA Carbon tax. c_tax(r)

&4 /pU Real carbon tax. rc_tax(r)
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Share parameters

Notations Description In program
X Share of export in output sh_x(i,r)
QXER Share of resource inputs (i € XE) sh_xer(i,r)
QXE Share of labor and intermediate inputs (i € XE) sh_xe(*,i,r)
Q&IENE Share of non-energy intermediate inputs sh_neg(j,i,r)

jir

(j € NENE, i € NXE)

OrFE Share of primary factor-energy composite (i € NXE) sh_pfe(i,r)
QgF Share of primary factor (i € NXE) sh_pf (i,r)
9}'[” Share of labor and capital (i € NXE) sh_lab(i,r)
ELE Share of electricity (i € NXE) sh_ele(i,r)
QSOL Share of coal (i € NXE) sh_col(i,r)
O}QD Share of liquidity energy (i € NXE) sh_1lqd(lqd,i,r)
9?9 Share of aggregate import sh_m(i,r)
OE\V/ISM Share of import goods from a region. sh_mm(i,r,s)
Yirs gamma_(i,s,r)
ocF Share of energy composite in consumption. sh_ce(r)
GCNEG Share of non-energy consumption goods. sh_cneg(i,r)
QléEG Share of energy consumption goods. sh_ceg(i,r)
éc Share of consumption composite. sh_cc(r)
91Tr Share of each input in transport sector. sh_t(i,r)
5.2 Model

5.2.1 Unit cost and price index

Price index of output (i € I):

L
T+

py = [oX D+ a—eH DT {ph)
Unit cost of fossil fuel production (i € XE):
1
L o R o [ ] B O

Price index of non-resource input composite in fossil fuel production (i € XE):

pir >L(1Erp£+29]zr pl]zr {P”]f}

where ﬁf}lr =1+t )pﬁ.

jir

Unit cost of non-fossil fuel production (i € NXE):

2 : NENE PFE , PFE Y
9]11’ pI]zr+6ir Pir {Cir
JENENE

where pfl;, = (1+t],)p5.

jir
Price index of primary factor-energy composite (i € NXE):

1
p}’rFE {GPF<P17 )17(7[)]::]5 + (1 _ GEF)(PS«A>1 Uppg} 1—0oppg {pPFE
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Price index of primary factor (i € NXE):

1
phF = [of, (ph) =P + 0, (rK) e | T (I

Unit cost of energy aggregation activity (i € NXE):

1
B =[OV (plare,)' 7 + (1 6EUE) (PN 10| TE (e
Price index of non-electricity energy (i € NXE):
1
NEL_ [gCOL( B yi- COLy( LQD I —ongr | NEL
Pir 9 (pCOL,ir) INEL + (1 - Qir )(Plr ) INEL {pir }
Price index of liquidity energy (i € NXE):
1
1"7LQD
LQD LQD () y1- LQD
P = | D 0 () e {ri2°}
j€LQD
Unit cost of Armington aggregation:
1
_ —o,] Toa
o= [OM I A+ =R T (e

Unit cost of import aggregation:

1

1-opg
lz 915r pzsr 1 0M1 {Cf\r/l

Price index of imports from region s to region r:

p%‘\r/{sM: Yirs (14 tf\r/ls)(l + tz)gs)pz?f + (1= 7ips) (1 + tzl‘\r/ls)pTTirs {pzrs

Unit cost of consumption:

_1
of = [0 (P e+ (1 ) (pENE) | T ()

Price index of non-energy consumption composite:

1-0cNE

CNE E GCNEG l OCNE {pCNE }

r
ieNENE

where . = (1+$)pi.
Price index of energy consumption composite.

1
CE _ |gCEG CEG e
_ 1— 1 0y
Pt = |05e, (P eip,) T+ D O5FC (piP) e {ps"}
i€FE

Unit cost of utility.

1

= [05C(p9) 7+ (=05 () ] T ()
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Unit cost of transport services.

T=or
ch =1 0 (p)' T {c}
ir
Price index of final energy for intermediate inputs (i € FE, j € NXE):
E I y,A sl ;CA E
piir = (L4 i) piy + ity {pijr}
Price index of final energy for final consumption (i € FE):
i =+ +ort P
Price of investment goods:
pr=rén,  {r}
5.2.2 Zero profit conditions
Production activity (i € I):
cp = (1= ty)p;, {Yir}

Energy aggregation activity (i € eg).

ot zpy {E
Armington aggregation activity:
Cz{‘r‘ > pfr‘ {Ai}
Import aggregation activity:
cht > pit {M;, }
Consumption aggregation activity:
czp {G}
Utility production:
o zp U}
Transport activity:
c'=pt YT}
5.2.3 Demand and supply
Supply of export goods:
1
_x | Pi
=y {ai
L Fir ]
Supply of domestic goods:
-
D _ D |Pi D
Qip = iy ﬁ {air
L Fir |
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Demand for natural resources of fossil fuel sectors (i € XE):

CY OR,i
aXER _ {jXER l Sir 1 { aXER
R ir
pir

Demand for labor of fossil fuel sectors (i € XE):

Y T9R,i
— gXEL [CW]
ir L
Piy

Demand for intermediate inputs of fossil fuel sectors (i € XE):

Yy 7R
C:
aXEI [ zr]

jir 1L
p ir

2 XEL

r {aXEL

ir

XEI

X
Ajiy {@i"

jir

Demand for primary factor of non-fossil fuel sectors (i € NXE):

PF ] /PF PFE ] YPFE
af —af Pir Pir {aF }
Lir = %Lir | 7L PF Lir
pr Pir
PE ] YPF PFE ] YPFE
aE. —E | Pir Pir {af,
Kir — “Kir K PE Kir
r Pir

Demand for energy composite of non-fossil fuel sectors (i € NXE):

pPFE OPFE

EA _ -EA ir EA

A =y EA ‘| {uir
pir

Demand for electricity of non-fossil fuel sectors (j = ELE,i € NXE):

{ajir}

Demand for coal of non-fossil fuel sectors (j = COL,i € NXE):

NEL T YNEL EA YE
E p ir Cir
NEL

E _ gf 2
Pjir Pir

{afi}

ajir jir

Demand for liquidity energy of non-fossil fuel sectors (j € LQD, i € NXE):

LQD79LQD [ NELYNEL [ EA 77
af — gt |Pir Pir Cir
jir g LQD NEL
pir

E
Pjir

Demand for domestic goods of Armington aggregation:

AT
AD _ ZAD | Sir AD
Ay~ = aj D] {air
L Pir
Demand for import goods of Armington aggregation:
AT
AM _ zAM ir AM
iy = a4y M‘| {air
| Pir
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Demand for import 7 from region r to region s:

M M
MM _ MM l Pir ] (MM
isr  — isr MM st
Pisr

Consumption demand for non-energy goods (i € eg):

CNE]7CE - C 79
CNE _ -CNE | Pr Pr {aCNE
Ay =y ~A CNE Ay
Pcir pr
A Cy,,A
where p;, = (1+t7)pjy-
Consumption demand for energy goods (i € eg):
pCE 9CE r C qUC
HCE — a—CE r r {aCE}
ir ir ED CE ir Ji¢ELE
Pir pr
pCE CE - .C qUC
agt =alt | o { (r;E] {a5" Y iceLE
pCir Pr
Demand for aggregate consumption:
c_ [P C
ay = dy {E:| {ar}
pr
Demand for savings:
r.u1%u
S_zS|P S
ay = ay ?’:g {ar}

Demand for intermediate inputs of international transport sector:

- ror
T_-T|P T
Ay = iy X {air
ir |

S

Emissions from intermediate inputs (j € FE,i € NXE):

CAE =5l ot Ef {CAL}

jir jirtjir =ir

Emissions from final consumption (i € FE):

CAEDP = sEDgCEC, {CALD
Total emissions:
CAf =) | Y caf+calP {caly
i€FE | jeNXE

5.2.4 Market clearing conditions

Market for export goods:

X MM T~y T X
airYiV Z Z airs MiS + airY {pi}’}
S
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Market for domestic goods (i # CGD):
aRYi > ahPA,  {pR}

Market for investment goods (i = CGD):

aEYir 2 11{\] + ¢7K7’ {pli’}
Market for aggregate imports:
My 2> AﬁMAiV {pzr }
Market for transport service:
YT > Z ’era?s/[rMMir {PT}

18,1

Market for aggregate energy (i € NXE):

A~ EA
Eiy = ;Y {pl }
Market for labor:
Le> Y aFf Y+ > ap, Y
iEXE iENXE
Market for capital stock:
K> Yy 0N
iENXE

Market for sector specific natural resources (i € XE):
Ry > a)l™Y,  {pf}

Market for Armington goods (i € NENE):

XEI CNE
Al?’ > Z a1]r Y + Z al]r jr +a; Cr
JEXE JENXE

Market for Armington goods (i € ENE):

XEI A CE
A2 D@y Y+ Y ap B+ aitC
JEXE JENXE

Market for aggregate consumption:
Cr > ag Uy {rr}

Market for utility:

Hy > Pgur {Pr }

32

{pr}

{rit}

{rir}



5.2.5 Income

Income of the representative agent:

H, = Pr Lr+VKKr+ Z P
ieXE

+ Z ttrper”’ + Z Z t]trp]r ]z]rEIYH’

ieXE j

+ Z Z t]er]r ]11’er+ Z Z t]lrp]r ]erlV

1€NXE]€ENE ieNXE jeNENE
M X T MM
Z tlrspzr zr lS + Z tzsr 1 + tzsr pls + p Tisi’}aisr MiV

CNE
+ Z tzrpzr ir G+ Z tzrpzr zr
ieNENE i€ENE

—pSG, + tSACAT {H,}

5.2.6 Investment and savings
Regional savings:
Sr=a;ly {5}
Global savings:
= Z Sr {PS}
r
Global (net) investment:
-y 9
r
Regional gross investment:

I = IN + ¢,K, {I,}

The current rate of return from capital stock:

The global rate of return:
d_plY = pI° {r}
"
The end-of-period capital stock:
KE=KobBY K
Regional net investment:

= grrrE {IrN}
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5.2.7 Carbon tax

Carbon tax:

ICA = a+bH, / (ptn,) +é, {14}

Real carbon tax:

A G
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